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Abstract 
Through in situ photoemission spectroscopy, we investigated the change in the electronic and 
crystal structures of dimensionality-controlled VO2 films coherently grown on TiO2(001) 
substrates.  In the nanostructured films, the balance between the instabilities of a bandlike 
Peierls transition and a Mott transition is controlled as a function of thickness.  The characteristic 
spectral change associated with temperature-driven metal–insulator transition in VO2 thick films 
holds down to 1.5 nm (roughly corresponding to five V atoms along the [001] direction), whereas 
VO2 films of less than 1.0 nm exhibit insulating nature without V-V dimerization.  These results 
suggest that the delicate balance between a Mott instability and a bandlike Peierls instability is 
modulated at a scale of a few nanometers by the dimensional crossover effects and confinement 
effects, which consequently induce the complicated electronic phase diagram of ultrathin VO2 
films. 
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I. INTRODUCTION 
The metal–insulator transition (MIT) of vanadium dioxide (VO2) [1], which is one of the most 
controversially discussed phenomena for decades, is particularly intriguing because both the 
structural transition and electron correlation contribute to it [2–15].  The structural phase 
changes from high-temperature metallic rutile (P42/mnm) to low-temperature insulating 
monoclinic (P21/c) across the MIT near room temperature [2,3].  As a result, the MIT is 
accompanied by an orders-of-magnitude change in conductivity and exhibits an ultrafast response 
to external stimuli; thus, this phenomenon has become a central topic in modern condensed matter 
physics for its potential application in future electronic devices [16–22].  Further, the unusual 
phenomenon originating from the interplay of the electron correlation and the lattice provides an 
opportunity to better understand the fundamental physics of strongly correlated oxides. 
 
In the phase transition in VO2, tilting and pairing of V ions along the cR axis, which is defined as 
the c axis of the rutile structure in the monoclinic phase, mark this structural change.  Because 
the distances between paired V ions (0.29 nm in the high-temperature metallic rutile phase [3]) 
and between V ion pairs are different, the V ions in VO2 are collectively dimerized along the cR 
axis in the insulating monoclinic phase [2,3].  Although the MIT that is concomitant with the 
collective dimerization of V atoms is reminiscent of the Peierls transition [6,7], the importance of 
strong electron correlations in VO2 has also been evident for this MIT from a large number of 
experimental and theoretical investigations [8,9].  Therefore, the mechanism of the MIT in VO2 
is now mainly understood as a collaborative Mott–Peierls (or Peierls–Mott) transition [10–15].  
This type of MIT has motivated researchers to clarify the role of each instability in the unusual 
phenomena by changing their balance via external stimuli, such as light [23–26], strain [27,28], 
or electrostatic injection of charge (electron doping) using field-effect transistor structures [18–
22].  However, in spite of intense experimental and theoretical efforts, the origin of the MIT is 
still under debate. 
 
An alternative approach to address the MIT driven by the cooperation of these two instabilities is 
the dimensional crossover that occurs in an artificial structure [29–35].  In the case of VO2(001) 
films, the “one-dimensional” V-ion chain runs along the [001] direction (cR axis), i.e., normal to 
the film surface, and the bandlike Peierls instability can be changed as a function of film thickness 
(number of V ions in the chain along the cR axis) owing to the confinement effects [29–32].  
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Moreover, the increment of electron-electron correlation (Mott instability) due to the dimensional 
crossover effects concomitant with a decrease in film thickness [33–35] may also suppress the 
cooperative Mott–Peierls transition in VO2.  Although this straightforward approach has been 
attempted by some groups so far [36–44], there is little consensus about the intrinsic behavior of 
ultrathin VO2 films in reducing the film thickness because these samples suffer from significant 
interdiffusion of the constituent cations at the interface [36–43] as well as inhomogeneous strain 
from the substrate [36–38] and surface overoxidation [36–42].  Therefore, systematic control of 
the dimensionality while keeping the fundamental chemical and crystallographic structural 
parameters fixed is crucial to obtaining information on how the electronic structures and 
characteristic dimerization of VO2 change as a function of film thickness. 
 
Against this backdrop, in this study, we determined the electronic phase diagram of ultrathin VO2 
films coherently grown on TiO2(001) substrates, which have chemically abrupt interfaces. By 
using a nonequilibrium growth process of pulsed laser deposition (PLD) that can reduce the 
growth temperature [45], coherent VO2 films with good crystallinity were obtained while 
significantly suppressing the interface diffusion.  Subsequently, we investigated the change in 
electronic and crystal structures of dimensionality-controlled VO2 films via in situ photoemission 
spectroscopy (PES) and x-ray absorption spectroscopy (XAS) measurements.  The PES spectra 
exhibited remarkable and systematic changes as a function of the VO2 film thickness.  (1) The 
characteristic spectral changes associated with the collaborative Mott–Peierls MIT remain almost 
unchanged down to 2.0 nm (roughly corresponding to 7 unit cells along the [001] direction).  (2) 
In the case of film thicknesses of 1.5–2.0 nm, a pseudogap is formed at the Fermi level (EF) for 
high-temperature metallic phase, and the spectral change across the MIT consequently weakens 
but still exists.  (3) The pseudogap finally evolves into an energy gap when the film thickness is 
reduced to less than 1.5 nm, indicating the occurrence of thickness-dependent MIT at a critical 
thickness of 1.0–1.5 nm.  In conjunction with the corresponding polarization-dependent XAS 
spectra, the temperature-driven MIT is accompanied by V-V dimer formation, whereas VO2 films 
of less than 1.5 nm thickness exhibit rutile-insulating nature without V-V dimerization.  These 
results suggest that the delicate balance between a Mott instability and a bandlike Peierls 
instability is modulated at a scale of a few nanometers by the dimensional crossover effects and 
confinement effects, which consequently induce the complicated electronic phase diagram of 
ultrathin VO2 films. 
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II. EXPERIMENT 
Thickness-controlled VO2 ultrathin films were grown on the (001) surface of 0.05 wt.% Nb-doped 
rutile-TiO2 substrates in a PLD chamber connected to an in situ photoemission system at BL-2A 
MUSASHI of the Photon Factory, KEK [46–48].  The ultrathin films reported here were grown 
at a rate of 0.02 nm/s, as estimated from the thickness calibration of thick 10-nm VO2 films using 
grazing incident x-ray reflectivity.  The thicknesses of the films were regulated by deposition 
duration in the range of 0.5 to 10 nm.  During the deposition, the substrate temperature was 
maintained at 400°C and the oxygen pressure was maintained at 10 mTorr.  We remark here that 
we carefully optimized the growth temperature not only to avoid interdiffusion of the constituent 
transition metals across the interface but also to achieve the coherent growth of VO2 films with 
high crystallinity.  The surface structures and cleanness of the ultrathin VO2 films were 
confirmed via reflection high-energy electron diffraction and core-level photoemission 
measurements, respectively.  The results of the detailed characterization of the grown VO2 films 
are presented in the Supplemental Material [49]. 
 
The surface morphologies of the measured films were analyzed via atomic force microscopy in 
air.  The root-mean-square (RMS) values of the films’ surface roughness RRMS were less than 
0.2 nm (see Fig. S1 in Supplemental Material [49]), indicating that the thicknesses of these films 
were controlled to the scale of V-V dimer length (approximately 0.3 nm).  The crystal structure 
was characterized by x-ray diffraction, which confirmed the coherent growth of the films on the 
substrates (see Fig. S2 in Supplemental Material [49]).  The electrical resistivity was measured 
using the standard four-probe method.   
 
PES measurements were performed in situ with the use of a VG-Scienta SES-2002 analyzer with 
total energy resolutions of 120 meV and 200 meV at photon energies of 700 eV and 1200 eV, 
respectively.  The vacuum-transferring of the grown samples prevented the overoxidation of the 
surface layer (see Fig. S3 in Supplemental Material [49]) that had been an obstacle in previous 
studies on the thickness-dependence of VO2 [36–42].  The XAS spectra were also measured in 
situ with linearly polarized light via measurement of the sample drain current.  For linear 
dichroism measurements, we acquired the XAS spectra at angles between q = 0° and 60° between 
the cR axis direction and the polarization vector while maintaining a fixed angle between the 
direction normal to the surface and the incident light [48].  EF of each sample was determined 
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by measurement of a gold film that was electrically connected to the sample. 
 
 
III. RESULTS 
A. Formation of chemically abrupt interface 
Before discussing the thickness dependence of the MIT, we present evidence for the fact that the 
prepared ultrathin VO2 films had atomically and chemically abrupt VO2/TiO2 interfaces.  This 
feature comprises a precondition to the present study on the confined films, and the evidence 
guarantees that the precondition is fulfilled.  Figure 1 shows the Ti 2p core-level spectra of 
VO2/TiO2 taken at 320 K (corresponding to the rutile metallic phase of the thick 10-nm VO2 film) 
with varying film thickness t as well as a TiO2 substrate as a reference.  The spectra shown in 
Fig. 1(a) are normalized to the incident photon flux, reflecting the attenuation of the Ti 2p signal 
from buried TiO2 by VO2 overlayers.  The intensity of the Ti 2p core level is steeply reduced 
with increasing t and almost disappears at t = 3 nm, suggesting the formation of a chemically 
abrupt interface.  The shift of energy position by 0.7 eV is attributed to the formation of a 
Schottky barrier at the heterointerface between rutile metallic VO2 films and n-type oxide-
semiconductor Nb:TiO2 (see Fig. S4 in Supplemental Material [49]) [22,50–53].  In addition, 
the line shape of the Ti 2p core level maintains its original Ti4+ feature, indicative of the invariance 
of the chemical environments even at the interface, although slight asymmetric spectral behavior 
is observed for thicker VO2 films owing to the formation of the Schottky barrier (see Fig. S4 in 
Supplemental Material [49]) [54].  In the intermixed interface of a previous study [43], the 
significant broadening of the Ti 2p core level was observed owing to the formation of TixV1−xO2 
solid solution at the interface.  Therefore, the observed invariance of the Ti 2p line shape 
strongly suggests the formation of a chemically abrupt interface in the present films. 
 
To evaluate the length of the possible interdiffusion, we plot the Ti 2p core-level intensity ITi as 
a function of the VO2 overlayer thicknesses in Fig. 1(b) in comparison with a calculated 
photoemission attenuation function, ITi = e−t/l, where t is the thickness of the VO2 overlayer and 
l is the inelastic mean-free path of photoelectrons.  The excellent agreement between the 
experiment and calculation indicates that the constituent cations are not intermixed with each 
other across the interface within the experimental margins.  To highlight the chemical 
abruptness of the present films in comparison with the previous results, we simulated the intensity 
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attenuation assuming the formation of an intermixing layer of 0.6 nm [39,40], 0.7 nm [41], and 
3.1 nm [43].  The results are overlaid in the inset of Fig. 1(b).  From the simulation results, the 
interdiffusion length of the present film is estimated to be less than 0.3 nm.  Furthermore, the 
RRMS values of the films, as well as the substrate, were less than 0.2 nm irrespective of the film 
thickness (see Fig. S1 in Supplemental Material [49]).  These results indicate the formation of 
an atomically and chemically abrupt interface in the present films as well as the flat surface 
essential for our spectroscopic measurements. 
 
B. Electronic phase diagram of ultrathin VO2 films 
As demonstrated, the present films have a chemically abrupt interface to a TiO2 substrate and are 
grown coherently on the substrate with high crystallinities.  Therefore, the next crucial issue is 
the intrinsic properties of the nanoscale VO2 films.  Figure 2 shows the temperature-dependent 
resistivity (r–T) curves for ultrathin VO2 films grown on nondoped TiO2 substrates with exactly 
the same growth conditions.  For the thick 10-nm film, the typical behaviors across the MIT are 
observed; the r–T curve steeply changes across the MIT accompanied by the thermal hysteresis 
characteristic of a first-order phase transition [27,37–41].  The MIT temperature TMIT is 
determined to be 293 K, while the change in resistivity across the MIT [r(250 K)/r(320 K)] is 
considerably larger than 103.  These values are almost the same as corresponding ones of 
previously reported epitaxial VO2 films grown on TiO2(001) substrates under in-plane tensile 
strain [27,37–41], which guarantees that the VO2 films in the present work are of the same quality 
as those in previous studies.  Furthermore, the steep change in the r–T curve across the MIT 
suggests that the influence of the interdiffusion of the constituent transition metals across the 
interface is negligible in the present sample, as expected. 
 
When film thickness t is reduced, TMIT decreases to 287 K at t = 3 nm from the original TMIT of 
293 K for t = 7–10 nm, and increases to 309 K beyond the original TMIT from around t = 2 nm, 
accompanied by the reduction of the change in resistivity and the width of the hysteresis across 
the MIT.  Even in the case of t = 1.5 nm, the r–T curve exhibits a broad MIT around 303 K with 
a concomitant small but detectable hysteresis loop.  It should be noted that the behavior is 
consistent with that in a previous study on a VO2/TiO2 superlattice [44], suggesting the occurrence 
of crossover from collective to local V-V dimerization for t = 1.5–2.0 nm.  Eventually, the MIT 
itself seems to disappear for t < 1.5 nm because the r–T curves do not exhibit any kink structures, 
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although the possibility for the occurrence of the MIT above the measurement temperature range 
is not completely eliminated.  The results are summarized as the phase diagram in Fig. 2(b).  
The reentrant behavior of TMIT around few-nanometer thickness was also observed in previous 
thickness-dependent studies, although it has been considered as extrinsic effects, such as 
overoxidation and/or interdiffusion [36–43].  This unusual behavior may reflect the delicate 
balance between the confinement states of a band responsible for Peierls transition and the 
formation energy of V-V dimers, which we will discuss later in connection with the spectroscopic 
results.   
 
C. Electronic structure determined by photoemission spectroscopy 
Figure 3 shows the temperature dependence of the valence-band spectra of VO2 ultrathin films 
grown on Nb:TiO2 substrates by controlling the VO2 layer thickness.  Because the Nb:TiO2 
substrate, which is an n-type degenerated semiconductor, has a wide bandgap of 3.0 eV below EF, 
as can be seen in Figs. 3(a) and 3(b), the electronic structures near EF of the ultrathin VO2 films 
are not influenced by signals from the substrate, even for ultrathin films.  These spectra mainly 
contain two features: structures derived from O 2p states at binding energies of 3–10 eV and peaks 
derived from the V 3d states near EF [12,55–57].  Regarding the thick VO2 films (t = 10 nm), 
the spectra exhibit the characteristic features representative of the MIT of VO2 [12]; the spectrum 
near EF in the high-temperature (HT) metallic phase (measured at T = 320 K) consists of a sharp 
coherent peak just at EF and a weak broad satellite structure around 1.2 eV, while that in the low-
temperature (LT) insulating phase (at T = 250 K) shows a single peak around 1.0 eV, which leads 
to the formation of an energy gap at EF.  Furthermore, focusing on the O 2p states, we observe 
dramatic changes across the MIT.  These changes are responsible for the structural changes 
concomitant with the MIT in VO2 [12].  
 
Even when the thickness is reduced down to 2 nm, the line shapes of these spectra are almost 
identical to each other; the characteristic features representative of the MIT of VO2 remain, 
whereas there is a slight reduction in the intensity just at EF for the HT phase.  The spectral 
behaviors correspond to the fact that the conductivity gradually reduces with decreasing t, 
although the fundamental behaviors of the MIT are maintained in the thickness-dependent r–T 
curves [see Fig. 2(a)].  When the film thickness further decreases below 2 nm, the spectra exhibit 
remarkable and systematic changes mainly in V 3d states near EF.  To investigate the spectral 
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changes near EF in more detail, we present the spectra near EF according to the enlarged binding-
energy scale in Fig. 3(b).  For t = 1.0–1.5 nm, the intensity of the V 3d derived coherent peak at 
EF for the HT phase is considerably reduced.  In addition, the leading edge of the V 3d states 
appears to shift from above EF to below EF at t = 1.5 nm, suggesting the evolution of a pseudogap 
at EF [33,34].  With further decreasing t, the spectral weight at EF becomes negligible for t = 1.0 
nm, and eventually a clear energy gap opens at t = 0.5 nm.  An extrapolation of the linear portion 
of the leading edge to the energy axis yields a valence-band maximum of 450 meV for t = 0.5 nm 
and almost 0 meV for t = 1.0 nm.  The negligibly small residual spectral weight at EF for t = 1.0 
nm may be due to the finite energy resolution of our experimental system (120 meV).  These 
results indicate the occurrence of thickness-dependent MIT at a critical thickness of 1.0–1.5 nm 
for the HT phase.   
 
Accompanying the thickness-dependent MIT for the HT phase, the spectral changes across the 
temperature-dependent MIT also weaken, as can be seen in Fig. 3(a).  Interestingly, the spectral 
change in V 3d states near EF is still visible even at t = 1.0 nm, irrespective of the disappearance 
of the metallic states, implying the existence of local V-V dimerization in this thickness region 
[44].  Meanwhile, the thickness dependence of the LT phase is different from that of the HT 
phase.  The spectra at the LT phase maintain their shape even at t = 1.5 nm, whereas the 
pseudogap is formed at the HT phase.  For t ≤ 1.0 nm, there are no significant changes in the LT 
spectra at first glance, except the lowering of their intensity due to a reduction of the relative 
number of V ions.  However, a closer look reveals that the peak position shifts from 
approximately 1.0 eV for t = 1.5–10 nm to 1.3 eV for 0.5–1.0 nm, suggesting that the LT 
monoclinic insulating phase also changes into another insulating phase emerging in the thinner 
region.   
 
D. V-V dimerization studied by oxygen K-edge x-ray absorption spectroscopy 
Focusing on the O 2p states in the energy range of 3.0–10 eV, dramatic changes across the MIT 
are observed down to t = 1.5 nm, but they considerably weaken at t = 1.0 nm, and eventually 
changes other than the thermal broadening are barely visible at t = 0.5 nm.  The crossover of 
some kind across t = 1.0 nm seems to be related to the peak-position shift in states near EF at the 
LT phase [Fig. 3(b)].  Because the changes in the O 2p states are responsible for the structural 
change accompanied by the MIT in VO2 [12], these results strongly suggest that such a structural 
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change disappears, and another insulating phase emerges in this ultrathin thickness range.  To 
elucidate the crossover of the structural transition (V-V dimerization), we have measured the 
polarization dependence of oxygen K-edge XAS, which has previously been utilized as a good 
indicator of V-V dimerization [12,39,42,47,48,58–60], as shown in Fig. 4(a).  The XAS at the 
O K edge is a technique complementary to PES for investigating the electronic structures in 
conduction bands via probing of the unoccupied O 2p partial density of states that are mixed with 
the unoccupied V 3d states.  Because the V-V dimerization in the monoclinic phase splits a half-
filled d// state into occupied d// and unoccupied d//* states [3], an additional peak corresponding to 
the d//* state appears in the XAS spectra only for the insulating monoclinic phase, as schematically 
illustrated in Fig. 4(b).  Furthermore, owing to the strict dipole selection rule, the additional d//* 
states only appear in the spectra acquired with the polarization vector E parallel to the cR axis (E 
// cR).  Indeed, as can be confirmed from the t = 10 nm spectra shown in Fig. 4(a), the d//* peak 
emerges at 530.6 eV (indicated by the solid triangle) in the insulating monoclinic phase (T = 250 
K) measured at the E // cR geometry, whereas it disappears in the metallic rutile one (T = 320 K).  
Furthermore, the identification of the d//* states is confirmed by inferring the polarization 
dependence (i.e., linear dichroism) of the XAS spectra; the additional d//* peak in the LT phase 
disappears for the spectrum taken with E perpendicular to the cR axis (E ⟂	 cR).  Thus, the 
existence of the d//* peak in the spectra at the E // cR geometry can be used as a fingerprint of the 
V-V dimerization in VO2. 
 
As can be seen in Fig. 4(c), with decreasing t, the d//* states appearing at the LT monoclinic 
insulating phase begin to weaken around t = 2 nm and almost disappear at t ≤ 1.0 nm.  The 
thickness dependence is consistent with that of the O 2p states in valence-band structures [Fig. 
3(a)].  Therefore, these spectroscopic results indicate that V-V dimerization no longer 
collectively occurs for ultrathin VO2 films with t ≤ 1.0 nm; in other words, the ultrathin films 
would be in the rutile insulating phase.  The emergence of a new phase associated with the 
disappearance of the collective V-V dimerization is also confirmed by the leading-edge shift at 
the absorption edge.  As can be seen in Fig. 4(c), the leading-edge shift is clearly observed across 
the temperature-dependent MIT for t = 1.5–10 nm at the photon energy of 529.0 eV, which is the 
counterpart of the energy-gap formation in the PES results in Fig. 3.  The temperature-induced 
edge shift seems to disappear for t ≤ 1.0 nm, and the energy position of the edge itself slightly 
shifts to a higher photon-energy side by 0.3 eV.  The thickness-induced edge shift is consistent 
with the peak position shift observed in thickness-dependent measurements for the LT phase [Fig. 
 10 
3(b)].  In connection with the PES results, it is naturally concluded that the LT monoclinic 
insulating phase changes into another insulating phase without V-V dimerization in the thinner 
region.  The emergence of the new phase in the thin limit has an important implication for the 
thickness-dependent electronic and structural changes in VO2 ultrathin films.   
 
 
IV. DISCUSSION 
Finally, we discuss the roles of Mott and Peierls instabilities in the observed thickness-dependent 
MIT.  The thickness-dependent physical properties of ultrathin VO2 films should be responsible 
for the delicate balance between the Mott and Peierls instabilities.  As the film thickness 
decreases, there are two effects that may diminish the cooperative Mott–Peierls (or Peierls–Mott) 
transition: the increment of electron–electron correlation (i.e., Mott instability) due to 
dimensional crossover [33–35] and the reduction of a bandlike Peierls instability due to 
quantization of the d// band [29–32].  As for a Mott instability due to the dimensional crossover 
effect, it is a kind of a bandwidth-controlled Mott transition; a decrease in the layer thickness of 
ultrathin films causes a reduction in the effective coordination number of constituent ions at the 
interface and surface.  The resultant reduction of the effective band width W from a three-
dimensional thick film to the two-dimensional ultrathin film drives MIT in conductive transition 
metal oxides, while the on-site Coulomb repulsion U does not change.  In fact, the behavior of 
the thickness-dependent MIT observed for the HT metallic phase appears ubiquitous for 
conductive transition metal oxides [33,34]: The pseudogap is formed at a scale of a few 
nanometers and eventually evolves to an energy gap at EF as a Mott gap.  Thus, in the present 
case, the Mott ground state (U/W << 1) may be stabilized below the critical film thickness of 1.0–
1.5 nm, and VO2 become a rutile insulator with a Mott gap in the thin limit. 
 
The other effect is the confinement effect of the d// band that has one-dimensional character along 
the cR direction.  The energy gain from the bandlike Peierls transition should be reduced by the 
quantization of the d// band, resulting in the suppression of Peierls-assisted phenomena.  As can 
be seen in the spectroscopic results shown in Figs. 3 and 4, the characteristic spectral changes 
associated with the bandlike Peierls phenomena [12] may disappear for t ≤ 1.0 nm, although the 
weak spectral change probably due to local V-V dimerization still exists for t = 1.0 nm.  These 
results suggest that there is insufficient energy gain from a bandlike Peierls effect to induce 
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collective structural phase transition for t ≤ 1.0 nm.  In contrast, the increment of electron–
electron correlation (U/W) due to dimensional crossover further stabilizes the Mott ground states.  
As a result of the superiority of Mott instability over the Peierls one, the VO2 films become a 
Mott insulator with rutile structure in the thin limit of t ≤ 1.0 nm.  
 
The delicate balance between Mott instability and bandlike Peierls instability is modulated at a 
scale of a few nanometers by the dimensional crossover effects, which may consequently induce 
the complicated electronic phase diagram of the ultrathin VO2 films.  The present thickness-
dependent studies may offer valuable insight into the longstanding issue of determining the 
precise relationship between Mott and Peierls instabilities in VO2.  In addition, from an 
application perspective, the determination of the critical thickness in VO2 provides important 
information for designing the VO2 channel layer of the Mott transistor with a thickness 
comparable to the electrostatic screening length from the interface (Thomas-Fermi screening 
length from a conventional solid-state gate dielectric) [22,61,62].  To gain a more 
comprehensive understanding of the origins of thickness-dependent behavior at the few-
nanometer scale, further systematic investigation is required.  In particular, investigation of 
different crystallographic orientations [63,64] will be necessary to examine the effects of two 
instabilities on the MIT and the resultant complicated phase diagram. 
 
 
V. CONCLUSION 
We determined the electronic phase diagram of ultrathin VO2 films coherently grown onto 
TiO2(001) substrates.  The formation of a chemically abrupt interface, which is a key issue to 
study the intrinsic physical properties of nanostructured VO2 films, has been confirmed by core-
level measurements.  Subsequently, we investigated the change in electronic and crystal 
structure (V-V dimerization) of dimensionality-controlled VO2 films via in situ PES and XAS 
measurements.  The spectra exhibited remarkable and systematic changes as a function of VO2 
film thickness, which is in line with the transport properties: (1) Collaborative Mott–Peierls MIT 
characteristic to bulk VO2 almost holds down to 2.0 nm, although there is modulation of TMIT 
accompanied by the reduction of the change in resistivity and the width of the hysteresis across 
the MIT.  (2) In the case of films with thickness of 1.5–2.0 nm, a pseudogap evolves at EF for 
the HT metallic phase, and the spectral change across the MIT consequently weakens but still 
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exists, being concomitant with the collective V-V dimerization.  (3) The pseudogap finally 
evolves into an energy gap when the film thickness is reduced to less than 1.5 nm, indicating the 
occurrence of thickness-dependent MIT at the critical thickness of 1.0–1.5 nm.  Furthermore, 
VO2 films with thicknesses of 1.0 nm or less exhibit a rutile-insulating nature without V-V 
dimerization.  These results demonstrate that the collaborative Mott–Peierls (or Peierls–Mott) 
transition persists down to 1.5 nm, whereas the insulating states in the thin limit may be better 
described in terms of Mott insulating states.   
 
 
ACKNOWLEDGEMENTS 
The authors are very grateful to Y. Kuramoto for our helpful discussions.  This work was 
financially supported by a Grant-in-Aid for Scientific Research (No. 16H02115 and No. 
16KK0107) from the Japan Society for the Promotion of Science (JSPS), CREST (JPMJCR18T1) 
from the Japan Science and Technology Agency (JST), and the MEXT Element Strategy Initiative 
to Form Core Research Center (JPMXP0112101001).  The preliminary sample characterization 
using hard x-ray photoemission at SPring-8 was conducted under approval of the Japan 
Synchrotron Radiation Research Institute (2019B1248).  The work performed at KEK-PF was 
approved by the Program Advisory Committee (proposals 2019T004 and 2018S2-004) at the 
Institute of Materials Structure Science, KEK. 
  
 13 
REFERENCES 
[1] F. J. Morin, Phys. Rev. Lett. 3, 34 (1959). 
[2] N. F. Mott, Rev. Mod. Phys. 40, 677 (1968). 
[3] J. B. Goodenough, J. Solid State Chem. 3, 490 (1971). 
[4] J. P. Pouget, H. Launois, T. M. Rice, P. Dernier, A. Gossard, G. Villeneuve, and P. 
Hagenmuller, Phys. Rev. B 10, 1801 (1974). 
[5] M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70, 1039 (1998). 
[6] D. Adler and H. Brooks, Phys. Rev. 155, 826 (1967). 
[7] R. M. Wentzcovitch, W. W. Schulz, and P. B. Allen, Phys. Rev. Lett. 72, 3389 (1994). 
[8] A. Zylbersztejn and N. F. Mott, Phys. Rev. B 11, 4383 (1975). 
[9] T. M. Rice, H. Launois, and J. P. Pouget, Phys. Rev. Lett. 73, 3042 (1994). 
[10] S. Biermann, A. Poteryaev, A. I. Lichtenstein, and A. Georges, Phys. Rev. Lett. 94, 026404 
(2005). 
[11] M. W. Haverkort, Z. Hu, A. Tanaka, W. Reichelt, S. V. Streltsov, M. A. Korotin, V. I. 
Anisimov, H. H. Hsieh, H.-J. Lin, C. T. Chen, D. I. Khomskii, and L. H. Tjeng, Phys. Rev. 
Lett. 95, 196404 (2005). 
[12] T. C. Koethe, Z. Hu, M. W. Haverkort, C. Schüßler-Langeheine, F. Venturini, N. B. Brookes, 
O. Tjernberg, W. Reichelt, H. H. Hsieh, H.-J. Lin, C. T. Chen, and L. H. Tjeng, Phys. Rev. 
Lett. 97, 116402 (2006). 
[13] M. M. Qazilbash, M. Brehm, B.-G. Chae, P.-C. Ho, G. O. Andreev, B.-J. Kim, S. J. Yun, A. 
V. Balatsky, M. B. Maple, F. Keilmann, H.-T. Kim, and D. N. Basov, Science 318, 1750 
(2007). 
[14] J. M. Tomczak, F. Aryasetiawan, and S. Biermann, Phys. Rev. B 78, 115103 (2008). 
[15] M. M. Qazilbash, A. Tripathi, A. A. Schafgans, B.-J. Kim, H.-T. Kim, Z. Cai, M. V. Holt, J. 
M. Maser, F. Keilmann, O. G. Shpyrko, and D. N. Basov, Phys. Rev. B 83, 165108 (2011). 
 14 
[16] C. H. Ahn, A. Bhattacharya, M. Di Ventra, J. N. Eckstein, C. D. Frisbie, M. E. Gershenson, 
A. M. Goldman, I. H. Inoue, J. Mannhart, A. J. Millis, A. F. Morpurgo, D. Natelson, and J.-
M. Triscone, Rev. Mod. Phys. 78, 1185 (2006). 
[17] H. Takagi and H. Y. Hwang, Science 327, 1601 (2010). 
[18] M. Nakano, K. Shibuya, D. Okuyama, T. Hatano, S. Ono, M. Kawasaki, Y. Iwasa, and Y. 
Tokura, Nature (London) 487, 459 (2012). 
[19] J. Jeong, N. Aetukuri, T. Graf, T. D. Schladt, M. G. Samant, and S. S. P. Parkin, Science 339, 
1402 (2013). 
[20] H. Ji, J. Wei, and D. Natelson, Nano Lett. 12, 2988 (2012). 
[21] K. Shibuya and A. Sawa, Adv. Electron. Mater. 2, 1500131 (2016). 
[22] T. Yajima, T. Nishimura, and A. Toriumi, Nat. Commun. 6, 10104 (2015). 
[23] M. Liu, H. Y. Hwang, H. Tao, A. C. Strikwerda, K. Fan, G. R. Keiser, A. J. Sternbach, K. 
G. West, S. Kittiwatanakul, J. Lu, S. A. Wolf, F. G. Omenetto, X. Zhang, K. A. Nelson and, 
R. D. Averitt, Nature (London) 487, 345 (2012). 
[24] Y. Muraoka, H. Nagao, S. Katayama, T. Wakita, M. Hirai, T. Yokoya, H. Kumigashira, and 
M. Oshima, Jpn. J. Appl. Phys. 53, 05FB09 (2014). 
[25] V. R. Morrison, R. P. Chatelain, K. L. Tiwari, A. Hendaoui, A. Bruhács, M. Chaker, and B. 
J. Siwick, Science 346, 445 (2014). 
[26] D. Wegkamp, M. Herzog, L. Xian, M. Gatti, P. Cudazzo, C. L. McGahan, R. E. Marvel, R. 
F. Haglund, Jr., A. Rubio, M. Wolf, and J. Stähler, Phys. Rev. Lett. 113, 216401 (2014). 
[27] Y. Muraoka and Z. Hiroi, Appl. Phys. Lett. 80, 583 (2002). 
[28] N. B. Aetukuri, A. X. Gray, M. Drouard, M. Cossale, L. Gao, A. H. Reid, R. Kukreja, H. 
Ohldag, C. A. Jenkins, E. Arenholz, K. P. Roche, H. A. Dürr, M. G. Samant, and S. S. P. 
Parkin, Nat. Phys. 9, 661 (2013). 
[29] K. Yoshimatsu, K. Horiba, H. Kumigashira, T. Yoshida, A. Fujimori, and M. Oshima, 
Science 333, 319 (2011). 
 15 
[30] M. Kobayashi, K. Yoshimatsu, E. Sakai, M. Kitamura, K. Horiba, A. Fujimori, and H. 
Kumigashira, Phys. Rev. Lett. 115, 076801 (2015). 
[31] M. Kobayashi, K. Yoshimatsu, T. Mitsuhashi, M. Kitamura, E. Sakai, R. Yukawa, M. 
Minohara, A. Fujimori, K. Horiba, and H. Kumigashira, Sci. Rep. 7, 16621 (2017). 
[32] J. K. Kawasaki, C. H. Kim, J. N. Nelson, S. Crisp, C. J. Zollner, E. Biegenwald, J. T. Heron, 
C. J. Fennie, D. G. Schlom, and K. M. Shen, Phys. Rev. Lett. 121, 176802 (2018). 
[33] K. Yoshimatsu, T. Okabe, H. Kumigashira, S. Okamoto, S. Aizaki, A. Fujimori, and M. 
Oshima, Phys. Rev. Lett. 104, 147601 (2010). 
[34] E. Sakai, M. Tamamitsu, K. Yoshimatsu, S. Okamoto, K. Horiba, M. Oshima, and H. 
Kumigashira, Phys. Rev. B 87, 075132 (2013). 
[35] S. G. Jeong, T. Min, S. Woo, J. Kim, Y.-Q. Zhang, S. W. Cho, J. Son, Y.-M. Kim, J. H. Han, 
S. Park, H. Y. Jeong, H. Ohta, S. Lee, T. W. Noh, J. Lee, and W. S. Choi, Phys. Rev. Lett. 
124, 026401 (2020). 
[36] K. Nagashima, T. Yanagida, H. Tanaka, and T. Kawai, J. Appl. Phys. 101, 026103 (2007). 
[37] K. Martens, N. Aetukuri, J. Jeong, M. G. Samant, and S. S. P. Parkin, Appl. Phys. Lett. 104, 
081918 (2014). 
[38] B. Zhi, G. Gao, X. Tan, P. Chen, L. Wang, S. Jin, and W. Wu, Mater. Res. Express 1, 046402 
(2014). 
[39] N. F. Quackenbush, J. W. Tashman, J. A. Mundy, S. Sallis, H. Paik, R. Misra, J. A. Moyer, 
J.-H. Guo, D. A. Fischer, J. C. Woicik, D. A. Muller, D. G. Schlom, and L. F. J. Piper, Nano. 
Lett. 13, 4857 (2013). 
[40] J. W. Tashman, J. H. Lee, H. Paik, J. A. Moyer, R. Misra, J. A. Mundy, T. Spila, T. A. Merz, 
J. Schubert, D. A. Muller, P. Schiffer, and D. G. Schlom, Appl. Phys. Lett. 104, 063104 
(2014). 
[41] H. Paik, J. A. Moyer, T. Spila, J. W. Tashman, J. A. Mundy, E. Freeman, N. Shukla, J. M. 
Lapano, R. Engel-Herbert, W. Zander, J. Schubert, D. A. Muller, S. Datta, P. Schiffer, and 
D. G. Schlom, Appl. Phys. Lett. 107, 163101 (2015). 
 16 
[42] N. F. Quackenbush, H. Paik, J. C. Woicik, D. A. Arena, D. G. Schlom, and L. F. J. Piper, 
Materials 8, 5452 (2015). 
[43] Y. Muraoka, K. Saeki, R. Eguchi, T. Wakita, M. Hirai, T. Yokoya, and S. Shin, J. Appl. Phys. 
109, 043702 (2011). 
[44] K. Shibuya, M. Kawasaki, and Y. Tokura, Phys. Rev. B 82, 205118 (2010). 
[45] J. Ohta, H. Fujioka, S. Ito, and M. Oshima, Appl. Phys. Lett. 81, 2373 (2002). 
[46] K. Horiba, H. Ohguchi, H. Kumigashira, M. Oshima, K. Ono, N. Nagasawa, M. Lippmaa, 
M. Kawasaki, and H. Koinuma, Rev. Sci. Instrum. 74, 3406 (2003). 
[47] E. Sakai, K. Yoshimatsu, K. Shibuya, H. Kumigashira, E. Ikenaga, M. Kawasaki, Y. Tokura, 
and M. Oshima, Phys. Rev. B 84, 195132 (2011). 
[48] D. Shiga, M. Minohara, M. Kitamura, R. Yukawa, K. Horiba, and H. Kumigashira, Phys. 
Rev. B 99, 125120 (2019). 
[49] See Supplemental Material at [URL will be inserted by publisher] for a detailed 
characterization of the measured samples. 
[50] M. A. Butler and D. S. Ginley, J. Electrochem. Soc. 125, 228 (1978). 
[51] H. Yin, M. Luo‚ K. Yu, Y. Gao, R. Huang, Z. Zhang, M. Zeng, C. Cao, and Z. Zhu, ACS 
Appl. Mater. Interfaces 3, 2057 (2011). 
[52] C. Ko, Z. Yang, and S. Ramanathan, ASC Appl. Mater. Interfaces 3, 3396 (2011). 
[53] Y. Zhou and S. Ramanathan, J. Appl. Phys. 113, 213703 (2013). 
[54] M. Minohara, K. Horiba, H. Kumigashira, E. Ikenaga, and M. Oshima, Phys. Rev. B 85, 
165108 (2012). 
[55] S. Shin, S. Suga, M. Taniguchi, M. Fujisawa, H. Kanzaki, A. Fujimori, H. Daimon, Y. Ueda, 
K. Kosuge, and S. Kachi, Phys. Rev. B 41, 4993 (1990). 
[56] K. Okazaki, H. Wadati, A. Fujimori, M. Onoda, Y. Muraoka, and Z. Hiroi, Phys. Rev. B 69, 
165104 (2004). 
 17 
[57] R. Eguchi, M. Taguchi, M. Matsunami, K. Horiba, K. Yamamoto, A. Chainani, Y. Takata, 
M. Yabashi, D. Miwa, Y. Nishino, K. Tamasaku, T. Ishikawa, Y. Senba, H. Ohashi, I. H. 
Inoue, Y. Muraoka, Z. Hiroi, and S. Shin, J. Electron Spectrosc. Relat. Phenom. 156, 421 
(2007). 
[58] M. Abbate, F. M. F. de Groot, J. C. Fuggle, Y. J. Ma, C. T. Chen, F. Sette, A. Fujimori, Y. 
Ueda, and K. Kosuge, Phys. Rev. B 43, 7263 (1991). 
[59] F. M. F. de Groot, J. Electron Spectrosc. Relat. Phenom. 67, 529 (1994). 
[60] A. X. Gray, J. Jeong, N. P. Aetukuri, P. Granitzka, Z. Chen, R. Kukreja, D. Higley, T. Chase, 
A. H. Reid, H. Ohldag, M. A. Marcus, A. Scholl, A. T. Young, A. Doran, C. A. Jenkins, P. 
Shafer, E. Arenholz, M. G. Samant, S. S. P. Parkin, and H. A. Dürr, Phys. Rev. Lett. 116, 
116403 (2016). 
[61] T. Yajima, T. Nishimura, and A. Toriumi, small 13, 1603113 (2017). 
[62] D. Lee, B. Chung, Y. Shi, G.-Y. Kim, N. Campbell, F. Xue, K. Song, S.-Y. Choi, J. P. 
Podkaminer, T. H. Kim, P. J. Ryan, J.-W. Kim, T. R. Paude, J.-H. Kang, J. W. Spinuzzi, D. 
A. Tenne, E. Y. Tsymba, M. S. Rzchowski, L. Q. Chen, J. Lee, and C. B. Eom‚ Science 362, 
1037 (2018). 
[63] N. F. Quackenbush, H. Paik, M. J. Wahila, S. Sallis, M. E. Holtz, X. Huang, A. Ganose, B. 
J. Morgan, D. O. Scanlon, Y. Gu, F. Xue, L.-Q. Chen, G. E. Sterbinsky, C. Schlueter, T.-L. 
Lee, J. C. Woicik, J.-H. Guo, J. D. Brock, D. A. Muller, D. A. Arena, D. G. Schlom, and L. 
F. J. Piper, Phys. Rev. B 94, 085105 (2016). 
[64] N. F. Quackenbush, H. Paik, M. E. Holtz, M. J. Wahila, J. A. Moyer, S. Barthel, T. O. 
Wehling, D. A. Arena, J. C. Woicik, D. A. Muller, D. G. Schlom, and L. F. J. Piper, Phys. 
Rev. B 96, 081103(R) (2017). 
  
 18 
 
 
 
FIG. 1. (Color online) (a) Thickness dependence of Ti 2p3/2 core-level spectra measured at hn = 
1200 eV for VO2/Nb:TiO2(001) ultrathin films.  Each spectrum is normalized to the incident 
photon flux; hence, the intensity reduction with increasing VO2 overlayer thickness t reflects the 
attenuation of the Ti 2p signal from buried TiO2 by the overlayer.  (b) Plot of relative intensities 
of the background-subtracted Ti 2p3/2 core-level spectra, ITi, as a function of VO2 overlayer 
thickness.  The experimental points are fitted to the photoemission attenuation function with the 
photoelectron inelastic mean-free path of 0.55(2) nm.  The inset represents the logarithm plot of 
ITi with respect to t in comparison with the simulation curves assuming the intermixing of V and 
Ti ions at the interface with interdiffusion lengths d of 0.3, 0.5, 0.7 [41], 1.2, and 3.1 nm [43].  
From the comparison, it is clear that the interdiffusion length of the present film is less than 0.3 
nm, which is much smaller than that of previous reports and comparable to the V-V dimer length 
of approximately 0.3 nm. 
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FIG. 2. (Color online) (a) Temperature dependence of resistivity (r–T) for VO2/TiO2(001) 
ultrathin films with thicknesses t varying from 0.5 to 10 nm.  Note that the saturated behavior of 
the resistivity value at lower temperatures for t = 0.5 and 1.0 nm is due to the limitation of our 
apparatus.  (b) Electronic phase diagram of VO2(001) ultrathin films as functions of temperature 
and t.  The filled and open circles indicate TMIT determined from the r–T curves.  Here, TMIT 
was defined as the center of the hysteresis loop, namely, an average of the two inflection points 
in r–T curves during cooling and heating.  The thick and thin bars in the vertical axis represent 
the hysteresis and transition width in the r–T curves [40], respectively.  Note that the colors of 
each filled symbol correspond to those in the r–T curves.  Solid and dotted lines are merely 
guides for ease of visualization.  The monoclinic insulating, rutile metallic, and rutile insulating 
phases are denoted by MI, RM, and RI, respectively, which are assigned from the spectroscopic 
results discussed later.  The insets show the crystal structures of corresponding rutile and 
monoclinic VO2.   
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FIG. 3. (Color online) (a) Thickness dependence of valence-band spectra measured at T = 320 K 
(HT rutile metallic phase for t = 10 nm) and 250 K (LT monoclinic insulating phase for t = 10 
nm) for the VO2/Nb:TiO2(001) ultrathin films.  (b) PES spectra near EF in an expanded energy 
scale.  Note that the colors of each spectrum correspond to those in Figs. 1 and 2. 
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FIG. 4. (Color online) (a) Temperature dependence of O K-edge XAS spectra with different 
polarizations of VO2/Nb:TiO2(001) films with t = 10 nm.  XAS spectra acquired with the 
polarization vector E perpendicular to the cR axis (E ⟂ cR) and parallel to the cR axis (E // cR) are 
represented by gray and magenta lines, respectively.  The XAS spectra with E // cR (I//) are 
deduced from the expression I// = (4/3) (I − I⟂/4), where I⟂ (namely, that corresponding to E ⟂ 
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cR) and I denote the spectra measured with normal (θ = 0°) and grazing (θ = 60°) incidence, 
respectively [48].  Following the assignments made in previous studies [58], those are 
schematically illustrated in (b) together with the corresponding crystal structures, the first peak 
around 529.5 eV can be assigned to p* bands formed by V 3dxz and 3dyz orbitals, while the second 
peak can be assigned to s* bands formed by 3d3z2−r2 and 3dx2−y2 orbitals.  The additional peak 
that emerges around 530.6 eV only for the spectra of insulating monoclinic phase (T = 250 K) 
with E // cR can be assigned to the d//* state due to V-V dimerization (indicated by filled triangle).  
(c) Thickness dependence of O K-edge XAS spectra acquired with E // cR at T = 320 and 250 K 
for the VO2/Nb:TiO2(001) ultrathin films.  Note that the colors of each spectrum correspond to 
those in Figs. 1–3. 
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I. Sample characterization 
A. Surface morphology 
The preconditions for the thickness-dependent study of VO2 films are atomically flat surfaces and 
chemically abrupt VO2/TiO2 interfaces.  The atomically flat surfaces of all the measured samples 
were confirmed by ex situ atomic force microscopy (AFM).  The AFM images are shown in Fig. 
S1.  As can be seen, the AFM images show similar surface morphologies irrespective of film 
thickness.  The values of the root-mean-square (RMS) of the surface roughness RRMS estimated 
from the AFM images were all less than 0.2 nm.  The values are almost the same as that of the 
original TiO2 substrate (RRMS = 0.13 nm).  The RRMS values of the measured ultrathin films were 
all less than V-V dimer length (approximately 0.3 nm), indicating that the thicknesses of these 
films were controlled to the scale of V-V dimer length and that the smooth surface and interface 
were maintained as the film was grown to 10 nm.  
 
 
 
Fig. S1. Typical AFM images of a TiO2(001) substrate and VO2(001) ultrathin films with different 
thickness t after growth. 
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B. Crystal structure 
Crystal structures of VO2 ultrathin films were characterized by x-ray diffraction (XRD) 
measurements.  Figure S2(a) shows typical XRD patterns for ultrathin films.  For t = 10 nm, 
the XRD pattern with well-defined Laue fringes is clearly observed around the 002 diffraction 
peak, indicating the formation of abrupt interfaces as well as the high quality of the VO2/TiO2 
heterostructures.  In contrast, the Laue fringes are barely visible for t ≤ 3 nm because the 
thicknesses are too thin to fulfill the reflection conditions, as demonstrated by the simulations.  
The high crystallinity of VO2 films is also confirmed by the rocking curve of the 002 diffraction.  
As shown in Fig. S2(b), the full-width at half-maximum (FWHM) of the rocking curve for the 
002 diffraction is evaluated to be around 0.038°, which is almost the same as that previously 
reported for a VO2 film with high crystallinity and coherently grown on TiO2(001) substrates 
[S1,S2].  Besides, the coherent growth of VO2 ultrathin films on TiO2(001) substrates was 
confirmed by reciprocal space mapping around the 112 reciprocal point, as shown in Fig. S2(c).  
The out-of-plane (cR axis) lattice constant of rutile VO2 thin films pseudomorphically grown on 
the isostructural TiO2(001) substrate is 0.2834(5) nm, while the in-plane lattice constant is 
0.4593(2) nm.  These cryastallographic results identify the current PLD-grown films as being highly 
crystalline. 
 
 
 
Fig. S2. (a) Typical XRD patterns for VO2 ultrathin films on TiO2(001) substrates with t = 1.5, 3, 
and 10 nm.  (b) Corresponding rocking curve of the 10-nm VO2 film.  (c) Reciprocal space 
mapping around the 112 reciprocal point of the 10-nm VO2 film. 
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II. V 2p core-level spectra 
Figure S3(a) shows V 2p core-level spectra of the 10-nm VO2 film transferred from the deposition 
chamber to the analysis chamber in an ultrahigh vacuum (in situ) and after exposure to air (ex 
situ).  The ex situ spectrum is taken at low-temperature (LT) monoclinic insulating phase (250 
K), while the in situ spectra are taken both at high-temperature (HT) rutile metallic phase (320 K) 
and LT monoclinic insulating phase.  For the in situ spectra, the characteristic changes are 
observed across the temperature-dependent metal–insulator transition (MIT), reflecting the 
structural phase transition from the HT rutile to LT monoclinic phases [S3]; the broad structure 
around 515.6 eV with a shoulder structure at the lower binding energy side in the rutile metallic 
phase becomes a sharp single peak in the monoclinic insulating phase.  According to the cluster 
model calculation [S3], the shoulder structure around 514.2 eV is assigned to well-screened 
features that originate from core-hole screening by a coherent band (metallic states) at EF [S4]. 
 
On the other hand, for the ex situ spectrum, the V5+ states emerge at 517.2 eV owing to the 
overoxidation of the surface.  The V5+ states are barely visible in the ex situ hard x-ray 
photoemission spectra (HAXPES), as shown in Fig. S3(b).  Furthermore, the temperature 
dependence of HAXPES spectra is almost the same as that of the in situ spectra.  These results 
indicate that the overoxidation to V5+ states occurs only at the surface of VO2 films. 
 
 S5 
 
 
Fig. S3. (a) Comparison of V 2p core-level spectra for in situ transferred VO2 films and ex situ 
ones.  The ex situ spectrum is taken at LT monoclinic insulating phase, while the in situ spectra 
are taken both at HT rutile metallic phase and LT monoclinic insulating phases to confirm the 
characteristic change associated with the MIT.  The energy position of V5+ states due to the 
surface overoxidation in ex situ spectra is indicated by the vertical dotted line.  (b) V 2p core-
level spectra measured by HAXPES for ex situ transferred VO2 films. 
 
  
 S6 
III. Ti 2p core-level spectra 
Figure S4(a) shows the Ti 2p core-level spectra of VO2/TiO2 taken at 320 K (corresponding to 
the rutile metallic phase of thick VO2 films) with varying film thickness t as well as a TiO2 
substrate as a reference.  The spectra are identical to those shown in Fig. 1(a) but normalized to 
peak intensity so that the peak shift due to band bending can be visualized.  The peak shifts to 
the higher binding energy side from t = 0 nm (TiO2 substrate) with increasing t and almost 
saturates at t = 2–3 nm owing to the formation of a Schottky barrier at the heterointerface between 
rutile metallic VO2 films and n-type oxide-semiconductor Nb:TiO2.  Judging from the saturation 
level of the peak shift, the energy shift due to band bending is estimated to be 0.7 eV, which is in 
good agreement with previous reports [S5,S6,S7]. 
 
In Fig. S4(b), we align the peak position of the peak-normalized spectra in Fig. S4(a) to visualize 
the change in line shape.  The line shape of Ti 2p core level maintains its original Ti4+ feature, 
indicative of the invariance of the chemical environments even at the interface, although slight 
asymmetric spectral behavior is observed for thicker VO2 films owing to the formed Schottky 
barrier potential.  The invariance of chemical environment of the buried interface further 
supports the formation of the chemically abrupt interface in the VO2/TiO2 films. 
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Fig. S4. (a) Ti 2p core-level spectra of VO2/Nb:TiO2 with varying VO2 overlayer thickness t as 
well as a TiO2 substrate as a reference.  The inset shows a plot of the energy shift of the Ti-2p 
peaks as a function of t, wherein only a magenta-colored data marker for t = 7 nm is acquired via 
in situ x-ray PES (hn = 1486.6 eV).  The red dotted line is a guide for ease of visualization.  (b) 
Ti 2p core-level spectra aligned by the peak position. 
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